One sentence summary: Hyperthermophilic Pyrobaculum sp. may play a role in maintaining iron-rich clay sediments in a reduced state in a near-boiling alkali-chloride spring. • C), alkali-chloride spring in the Taupō Volcanic Zone, New Zealand, was observed to have dark green sediments despite being too hot to support any known photosynthetic organisms. Analysis of aqueous and sediment microbial communities via 16S rRNA amplicon sequencing revealed them to be dominated by Aquifex spp., a genus of known hyperthermophilic hydrogen-oxidisers (69%-91% of operational taxonomic units (OTUs)), followed by groups within the Crenarchaeota (3%-20%), including the known iron-reducing genus Pyrobaculum. Cultivation experiments suggest that the green colouration of clay sediments in this spring may be due in part to ferruginous clays and associated compounds serving as substrates for the iron-reducing activity of low-abundance Pyrobaculum spp. These findings demonstrate the dynamic nature of microbe-mineral interactions in geothermal environments, and the potential ability of the rarer biosphere (1%-2% of observed sequences, cell densities of 450-33 000 g −1 sediment) to influence mineral formation at a macro-scale.
INTRODUCTION
In low-temperature geothermal environments, green is commonly associated with chlorophyll-pigmented mats of either eukaryotic or prokaryotic oxygenic photosynthesisers (Pierson and Parenteau 2000) . However, it is broadly accepted that photosynthesis is limited to temperatures <73
• C, with lower maximum temperatures observed depending on location (Cox, Shock and Havig 2011; Ward, Castenholtz and Miller 2012) . Thus, it is exceedingly rare to observe green colouration in geothermal springs or waterways at temperatures >73 • C. In contrast to this observation, Hochstetter's Cauldron, a thermally heated spring located in New Zealand's Taupō Volcanic Zone, has a nearboiling temperature range, yet exhibits an emerald to green-grey colouration in its subaqueous sediments. Due to the rarity of green colouration in a near-boiling geothermal spring, we set out to determine the source of the sediment colouration (i.e. biological or geochemical), and the underlying mechanism of formation.
Hochstetter's Cauldron is a near-neutral-pH hot spring in the Orakei Korako geothermal field, located on the northern bank of the Waikato River, 25-km north of Taupō, New Zealand (Fig. 1A) . The Orakei Korako (place of glittering adornment) field was the site of a Māori settlement prior to contact with Europeans and has been a tourist attraction for over a century (Lloyd 1972; White and Chambefort 2016) . Within the field, the Hochstetter's Cauldron feature includes a near-boiling (89
• C-
93
• C) circular pool, approximately 5 m in diametre and 7 m deep, and a small outflow stream that meanders over a sinter terrace (Fig. 1B) , before entering the Waikato River. At the time of sampling (June 2016), sediments in the main pool and immediate headwater outflow had a vivid green colouration, which became brown-orange at shallow depths in areas where the outflow was disrupted by rocks along the periphery (Fig. 1C) and transitioned entirely to a brown-orange colour as the outflow became shallower and cooled below ∼ 90 • C. Surrounding low-temperature areas are covered with green photosynthetic algal/microbial mats ( Fig. 1B ), but prokaryotic photosynthesis is believed to have an upper temperature limit of ∼73 • C in Yellowstone National Park (YNP) springs (Cox, Shock and Havig 2011; Ward, Castenholtz and Miller 2012) and has not been reported at temperatures >62 • C in any New Zealand geothermal features (Toplin et al. 2008) . The most thermophilic known singlecelled eukaryotic photosynthesisers, the thermoacidophilic red algae from the genera Galdieria, have maximum growth temperatures of around 58
• C (Qin et al. 2009; Kobayashi et al. 2014; Nikolova et al. 2017) . Geothermal diatoms are restricted to hot springs below 45
• C (Owen, Renaut and Jones 2008) . Therefore, despite the green colour of the pool sediment, the temperature of both the main pool and outflow is well beyond the known growth range of any known thermophilic photosynthetic organism. Additionally, there is no evidence of microbial mat formation in sediments, with microscopy showing it to be composed of primarily inorganic material (Fig. 2 ). An alternative explanation of the spring sediment colouration is via the biotic or abiotic formation of green mineral complexes. A broad range of iron-rich minerals exhibit green colouration. Iron-rich smectite clays are often green (Deer, Howie and Zussman 2013) and biological reduction of iron in clays is well known at mesophilic (Kostka et al. 1999) as well as thermophilic and hyperthermophilic temperatures (Kashefi et al. 2008) . More rarely, ferrous carbonates (colloquially 'green rust') can also be biotically produced by mesophilic (30
• C) iron reducers (Etique, Jorand and Ruby 2016) and mesophilic (16
iron-oxidising photosynthesisers (Kappler and Newman 2004) . In this manuscript we aimed to determine the source of the green colouration at Hochstetter's Cauldron and hypothesised that the green colour of the spring, although it was unlikely to be due to photosynthesis, was biologically produced by hyperthermophilic iron-reducing prokaryotes.
MATERIALS AND METHODS

Geochemical sampling and analysis
Temperature measurements were made in situ using a handheld multimetre (ThermoFisher Scientific, Waltham, MA, USA). The pH of spring water was measured in the laboratory from samples injected into evacuated glass serum bottles and the headspace subsequently filled with nitrogen, using a Hanna Instruments pH metre (Woonsocket, RI, USA). Ferrous iron and conductivity measurements were determined from the same samples in duplicate using the 2,2 -bipyridyl test for ferrous iron (Wilson 1960 ) and a Hanna Instruments multiparametre metre for conductivity. Dissolved gases were sampled by filtering 50 mL of water through a 0.22 μM PES syringe filter (Sartorius Biotech, Göttingen, Germany) into a 60 mL syringe and adding 5 mL of N 2 as a carrier gas. Dissolved gases were equilibrated into the N 2 for 2-4 hours before the carrier gas was extracted into a tedlar gas bag for storage. Gas concentration was measured using a Peak Performer gas chromatograph (Peak Laboratories, Mountain View, CA, USA) with a flame ionisation detector (FID: CH 4 ) and reducing compound photometer (RCP: H 2 and CO).
Water samples for other geochemical analysis were collected in a 330 mL rubber-sealed glass bottle. Inductively coupled plasma-optical emission 436 spectrometry (ICP-OES) andmass spectrometry (ICP-MS) with an iCap 7600 (ThermoFisher Scientific) were used to determine the concentrations of aqueous metals and non-metals including aqueous Fe, and HCO 3 − and Cl − were determined via titration. Iron minerals in sediment were extracted in triplicate from 100 to 200 mg of sediment (1 g of wet sediment, assuming minimum 80% water) following a standard protocol (Poulton and Canfield 2005) and extracts quantified using ICP-OES.
Microbial community composition as determined by 16S rRNA gene sequence analysis
A total of 2 L of spring water was filtered in the laboratory using a 0.22 μm Sterivex-GP PES column filter (EMD Millipore, Billerica, MA, USA) and kept at 4
• C overnight before extraction the next day. Approximately 2 g of each of green and orange/brown sediment were aseptically collected with a metal spatula and stored in cryovials at 4 • C overnight. To extract DNA, the filter was removed from plastic covering using pliers, cut in half with a sterile razor blade and one half frozen in RNALater (ThermoFisher Scientific). The other half, and ∼0.25 g of each sediment sample, was processed using a PowerSoil DNA isolation kit (Mo Bio Laboratories, San Diego, CA, USA) and eluted into 100 μL of elution buffer. DNA was quantified using a Qubit fluorometre (ThermoFisher Scientific). 16S rRNA gene amplicons were amplified using the Earth Microbiome Project 515F/806R universal primers (Caporaso et al. 2012; Thompson et al. 2017 ) and cleaned for sequencing using a Nucleospin R Gel and PCR Cleanup Kit (Macherey-Nagel, Germany). Samples were sequenced using Illumina MiSeq high-throughput sequencing (Macrogen, Korea). Amplicon sequence processing and diversity analyses Raw sequence data is available from the Sequence Read Archive (project number SRP132012). Sequence data was processed using a custom pipeline. Sequences were trimmed using trim galore (http://www.bioinformatics.babraham.ac.uk/projec ts/trim galore/) and paired-end reads were merged and quality filtered (using a maximum error of 1.0) with UPARSE (Edgar 2013) . MOTHUR (Schloss et al. 2009 ) was used to remove short and long sequences, and homopolymers (>6). Sequences were dereplicated and singleton sequences removed before clustering at the 97% similarity threshold and alignment of unfiltered reads to representative OTUs (also using UPARSE). QIIME (Caporaso et al. 2010 ) was used to assign taxonomy to representative sequences using the RDP classifier (Wang et al. 2007 ) and the SILVA 123 taxonomy database (Quast et al. 2013) , with a confidence threshold of 0.5. BIOM (McDonald et al. 2012) format was used for OTU tables within QIIME. Sequences classified as mitochondria or chloroplasts were, for the purposes of constructing Fig. 3 , filtered out figures using QIIME. Samples were rarefied to the lowest sequence count. Alpha and beta diversity metrics including UniFrac (Lozupone et al. 2011) were computed in QIIME, and principal coordinate analysis and environmental factor correlation figures produced using the vegan community ecology package in R (R Development Core Team 2008; Oksanen et al. 2016) . For analysis of the presence of eukaryotic photosynthetic organisms, sequences were run through the dada2 pipeline (Callahan, McMurdie and Holmes 2017) to generate unique amplicon sequence variants (ASVs). Forward and reverse sequences were trimmed to 220 bp, including 20 bp at the 5' end, and taxonomy was assigned using the SILVA 123 database (Quast et al. 2013) . Trees for comparison of Pyrobaculum-assigned ASVs to the isolated strain were created using RDP seqmatch (Cole et al. 2014) and MEGA (Kumar, Stecher and Tamura 2016) . Sequences from isolates found using RDP were aligned to ASVs using the ClustalW algorithm and manually trimmed to match for tree-building.
Most-probable-number (MPN) assays
Sediment was scooped into a sterile 250 mL plastic centrifuge flask (Corning bottle) and the flask filled to overflowing with hot (∼87 • C) spring water, before storage at room temperature overnight. Three-tube MPN assays (Greenberg, Clescen and Eaton 1992; Holden, Summit and Baross 1998) (Lovley and Phillips 1986a) . Heterotrophic cultures contained per litre, in addition to electron donors/acceptors, 1 g yeast extract, 0.8 g sodium acetate and 1 g tryptone. Media were pH balanced using 1 M HCl to pH 6.5. Autotrophic cultures were flushed and overpressurised with 2 atm 80:20 H 2 :CO 2 and heterotrophs with 1 atm N 2 . Cultures were reduced with 0.025% cysteine (0.1 mL/10 mL 2.5% cysteine-HCl) supplemented with 1 mM FeCl 2 (0.02 mL/10 mL 0.5 M FeCl 2 ). Cultures were incubated for two weeks at 90
• C in a forced-air oven. Tubes were scored based on the presence of cells and the presence of ferrous and/or reduced iron precipitates compared to uninoculated controls.
Isolation, identification and characterisation of strains
Enrichments were established by inoculation of either 1 mL mixed sediment/spring water or spring water alone into 50 mL of both heterotrophic and autotrophic iron citrate medium as described above, followed by incubation for 2 weeks at 90
• C in a forced-air oven. Enrichments which displayed both cell growth and iron reduction were transferred and isolated by serial-dilution-to-extinction. After three rounds of dilution to extinction we had, based on microscopy, two presumed isolates: HCHB and HCAG. To extract DNA, cells grown on ferric citrate were spun down and the iron precipitate/cell mixture treated with oxalate solution (28 g L −1 ammonium oxalate and 15 g L −1 oxalic acid, 1:1 ratio) to dissolve iron. DNA was then extracted using the Nucleospin Cell and Tissue DNA extraction kit (Machery-Nagel) and the 16S rRNA gene amplified using 109F/912R primers (HCHB) and sent for sequencing at Macrogen (Seoul, South Korea). The sequence is available from Genbank (accession number MG020654). Extraction of DNA from enrichment HCAG was unsuccessful.
Temperature and pH experiments were conducted on the same medium with amorphous ferrihydrite (100 mL L −1 , prepared by titration of iron chloride solution to neutral pH with 10 M NaOH (Lovley and Phillips 1986b) ) instead of iron citrate as an electron acceptor, after several transfers. Electron acceptor/donor experiments were conducted for isolates using the same medium as above, but with the substitution of iron with, respectively, 0.1% (w/v) elemental sulfur, 10 mM Na 2 S 2 O 3 (2.48 g L −1 ), 10 mM NaSO 4 (1.42 g L −1 ), or 10 mM 
Scanning Electron Microprobe (SEM)
Backscattered electron, secondary electron microscopy imaging and electron-dispersive X-Ray spectroscopy were conducted using gold sputter-coated dry sediment samples. Spring sediment was slurred directly on carbon tape on aluminium studs and analysed using a JEOL NEOSCOPE 6000plus using an accelerating voltage of 15 kV at high probe current. Prior to SEM, the green sediment from the pool was dried in a Petri dish in an oven at 40
• C for 4 hours. Coarse sediment and fine suspension were both analysed.
Sediment incubation
Microcosms of 10 g of sediment covered with 60 mL spring water were incubated in 100 mL Schott bottles in an 80
• C incubator at 50 rpm for three weeks to test whether it would oxidise (become orange) under laboratory conditions. Water and sediment were incubated under four conditions: (i) degassed and flushed with N 2 , autoclaved and headspace subsequently replaced with atmospheric air (killed/oxic); (ii) degassed and flushed with N 2 , autoclaved and incubated under the same N 2 atmosphere (killed/anoxic); (iii) degassed and flushed with N 2 and incubated under the same N 2 atmosphere (live/anoxic) and 
(iv) incubated without flushing or autoclaving (live/oxic). Shaking was used to mimic water disturbance around rocks in the stream. All incubations were performed in the light. Autoclaved sediment was also incubated with the heterotrophic medium used above for MPN analysis and strain isolation and inoculated with strain HCHB. These cultures were incubated at 90
• C for 3 weeks in a dark incubator without shaking.
RESULTS
Hochstetter's Cauldron is a typical alkali-chloride hot spring (Table 1) , with near-neutral pH and high mineral content. Sporadic records from the mid-20th century indicate a broadly stable physicochemical environment with consistently nearboiling temperatures, including brief periods in 1954 and 1955 when boiling geyser activity was observed (Lloyd 1972) . There is no detectable free iron in the spring water of Hochstetter's Cauldron when analysed by ICP-MS (total iron, detection limit <0.02 ppm) or the 2,2-bypyridyl assay (ferrous iron, detection limit 3 ppm) (Wilson 1960 (Fig. 2) revealed sediment composition to be mostly amorphous silica, altered volcanic glass and clays (likely smectite group) with some common diatoms. Some sediment analyses show a high iron component, up to 40% in one spot and ranging from 1% to 9% in others, that were due to residual iron oxides (Fig. S1 , Table  S1 ). Extraction of iron compounds from the green-coloured sediment showed that the bulk of iron in sediment was in the form of unreactive iron silicates (up to 63% of total sediment) with much smaller percentages in the form of poorly reactive iron silicates (12%), iron oxides, primarily ferrihydrite/lepidocrocite (0.89%), magnetite (1.58%) and iron carbonates (0.04%) ( Table 2 ). When microcosms of Hochstetter's Cauldron's green sediment and spring water were incubated with shaking at 80
• C and 60 rpm, in light, both oxic and anoxic sterilised sediments (autoclave; 121
• C, 15 psi) and non-sterilised oxic sediment turned orange within one week. In contrast, non-sterilised sediments under anoxic conditions (N 2 atmosphere) remained grey-green following two weeks of incubation (Fig. S2 , supporting information). Collectively, these results suggested that an anaerobic, biological and non-photosynthetic process is responsible for maintaining the green colouration of the sediments in Hochstetter's Cauldron.
To investigate the microbial community composition of Hochstetter's Cauldron, both green and orange/brown sediment samples and filtered spring water had environmental DNA extracted and sequenced via 16S rRNA gene amplicon sequencing. We extracted 6.5-9.01 ng μl −l DNA from two 0.25 g (wet weight) sediment samples and half of a Sterivex filter from 2 L of spring water. Both the sediments and spring water in Hochstetter's Cauldron shared similar microbial community structures with low species diversity, characteristic of high-temperature (∼90 • C) environments (Fig. 3) . A total of 91% of all sequences in the spring water sample and ∼70% of sequences from both the orange/brown and green sediment samples clustered within the genus Aquifex, of which the only known isolates are marine, hyperthermophilic H 2 -oxidisers (Huber and Eder 2006) . Other major groups in all three samples were Ignisphaera (a hyperthermophilic heterotrophic archaeal genus originally identified in consortia with Pyrobaculum (Niederberger et al. 2006) ), the family Sulfolobaceae (hyperthermophilic sulfur-and metal-metabolising acidophiles), the genus Thermus (thermophilic and hyperthermophilic heterotrophic bacteria) and Candidatus Fervidibacteria (metagenomically identified putative anaerobic fermenters (Hedlund et al. 2015) ). The spring water community had the greatest number of observed OTUs but lower Shannon and Simpson diversity indices than the sediment samples (Table 3) , presumably due to the dominance of a few (all Aquifex-assigned) OTUs in the community, with the five most abundant OTUs comprising 68% of all sequences. By weighted beta-diversity metrics, all three samples (green sediment, orange/brown sediment and filtered water) were statistically indistinguishable (P = 1; Table S2 . supporting information), as the 326 OTUs common to all three samples (Fig. S3 , supporting information) represented >99% of all sequences. Within Hochstetter's Cauldron communities, there were two taxonomic groups present at >1% abundance that are known to include thermophilic or hyperthermophilic ironreducing organisms; the Chloroflexi and Thermoprotei. The Chloroflexi group representative is associated with the genus Ardenticatena, of which the sole representative is an ironand nitrate-reducing thermophilic (T opt 55-70
• C) heterotroph (Kawaichi et al. 2013) . The second Thermoprotei group representatives, which includes families of the known hyperthermophilic iron-reducers Pyrodictiaceae and Thermoproteaceae (Slobodkin 2005) , included a single OTU assigned to the Pyrodictiaceae and six OTUs assigned to Thermoproteaceae in all three Hochstetter's Cauldron communities. Five of the OTUs assigned to the Thermoproteaceae are associated with the genus Pyrobaculum. Pyrobaculum is a widespread and physiologically versatile group of hyperthermophiles known to anaerobically reduce iron as well as nitrate or sulfur compounds, and in some strains, grow via microaerophilic or aerobic heterotrophy (Amo et al. 2002; Feinberg and Holden 2006) . Analysis of 16S sequence data as ASVs using the dada2 pipeline (Callahan, McMurdie and Holmes 2017) showed essentially identical results, with five ASVs also assigned to the genus Pyrobaculum (Fig. 4) . Despite the presence of some diatom frustules in SEM examination of the sediment samples, no sequences assigned to thermophilic diatom chloroplasts or mitochondria were detected by either OTU clustering or ASV assignment. MPN assays targeting hyperthermophilic heterotrophic ironreducers in the green sediment found a maximum of >33 000 cells g −1 of sediment wet weight (Table 4) . Corresponding assays targeting hyperthermophilic autotrophic iron-reducers showed equivalent cell numbers for soluble iron citrate, but substantially less using the solid form of iron as amorphous ferrihydrite (33 000 and 840 cells g −1 , respectively). Autotrophic cultures utilised bicarbonate/carbon dioxide as a carbon source and H 2 as an electron donor, whereas heterotrophic cultures had acetate, yeast extract and tryptone as potential carbon/electron sources.
We next enriched for both autotrophic and heterotrophic hyperthermophilic iron-reducers using iron citrate as a terminal electron acceptor from both the orange/brown sediments and green sediments. We saw some fermentative cell growth in heterotrophic enrichments without iron reduction; it has been previously shown that fermentative products do not reduce amorphous ferrihydrite at hyperthermophilic temperatures (Lin et al. 2014) . No iron reduction was observed from enrichments without H 2 or organic electron donors, and no growth occurred when enrichments were passaged without H 2 or organic electron donors. Two enrichments, one heterotrophic (HCHB) and one autotrophic (HCAG), were used to enrich and in the former case isolate hyperthermophilic iron-reducing strains (Table 5) . Enrichment HCAG, grown on autotrophic media, could reduce ferric citrate, ferrihydrite, elemental sulfur and, to a limited extent, sulfate and thiosulfate using H 2 , but could not catabolise proteinaceous organic compounds or use either oxygen or nitrate as a terminal electron acceptor. It could also grow and reduce iron on heterotrophic ferric citrate and ferrihydrite media. Growth on ferric citrate produced a fine black precipitate (Fig. S4 , supporting information) and growth on ferrihydrite gel reduced the gel completely (Fig. S5, supporting information) . No growth occurred without addition of an electron donor (iron) or acceptor (H 2 or proteinaceous organic compounds). The second hyperthermophilic enrichment was isolated on heterotrophic media as isolate HCHB. Sequencing of the 16S rRNA gene revealed that isolate HCHB belongs to the genus Pyrobaculum (Fig. 4) and was most closely related to previously isolated Pyrobaculum strains WIJ3 and NZ1 and P. calidifontis (Amo et al. 2002) (99% similarity to all three strains). To determine whether we could identify HCHB in the environment, we examined our Pyrobaculum-assigned exampined exact ASVs using the dada2 pipeline. One ASV, comprising 1% of sequences from the filtered water sample, was a 100% match to isolate HCHB; all others were 99% similar. Isolate HCHB could not reduce elemental sulfur using H 2 but could reduce, to a limited extent, thiosulfate, sulfate and nitrate. It could use either H 2 or proteinaceous organics (mixed yeast extract, tryptone and acetate) to reduce ferric citrate and ferrihydrite at temperatures from 45
• C to 96 • C; growth above 96 • C was not investigated. Growth on ferric citrate produced a fine black precipitate (Fig. S4 , supporting information) and growth on ferrihydrite gel reduced the gel completely (Fig. S5, supporting information) . No production of reduced iron, formation of precipitate or black colouration occurred when either autotrophic or heterotrophic uninoculated . Phylogenetic tree showing relationships of novel Pyrobaculum strain HCHB and ASVs from Hochstetter's Cauldron assigned to the genus Pyrobaculum to other species from the Thermoproteaceae. Isolates and named species were selected from the RDP hierarchy browser. The evolutionary history was inferred using the neighbour-joining method (Saitou and Nei 1987) . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is indicated at nodes (Felsenstein 1985) . The evolutionary distances were computed using the Tamura-Nei method (Tamura and Nei 1993) and are in the number of base substitutions per site. • C did not result in any difference in colour between controls and inoculated samples, with all samples turning a dark colour not observed in the natural environment. We believe this to be the result of interaction between high-concentration organic compounds in the medium and the sediment.
DISCUSSION
The distinctive green sediment in Hochstetter's Cauldron appears to be iron-rich, primarily amorphous silica with iron oxides (Fig. S2, supporting information) and rare clays, likely smectite-group. Extraction of iron compounds in sequence from sediment samples showed that the bulk of iron in sediment was in the form of iron sheet silicates or clays, with small percentages in the form of iron carbonates, ferrihydrite and magnetite ( Table 2 ). The elevated average temperature measured in Hochstetter's Cauldron (around 90
• C) suggests a dissolved O 2 content sufficiently anoxic to enable anaerobic processes such as iron reduction, catalysed by a community of hyperthermophiles. Hyperthermophilic iron-reducers are known to reduce amorphous ferrihydrite (Fe 2 O 3 •0.5H 2 O) or goethite (α-FeO(OH)), using either hydrogen (H 2 ) or organic compounds (most commonly proteinaceous compounds but in some instances acetate or formate) as electron donors (Lin et al. 2014) , as well as iron-bearing clays (Kashefi et al. 2008) . Ferrihydrite and lepidocrocite constituted up to 0.89% of total sediment weight, and iron silicates up to 73% of total sediment weight (Table 2 ). This raises the possibility that the characteristic green colour of the sediment is due to either heterotrophic or autotrophic hyperthermophilic iron reduction, with the reduced product being oxidised abiotically when the spring temperature drops due to increased inflow of cooler water or oxygenation through turbulence, as oxygen concentrations are higher in lower water temperatures, Iron-bearing clays are relatively quick to oxidise abiotically, although ferrous smectites in particular oxidise more completely and faster at high temperatures (Chemtob et al. 2017) . The orange/brown sediments visible at the hotter end of the outflow of Hochstetter's Cauldron were in the downstream lee-sides of silica sinter islands and at the periphery of the stream (Fig. 1C) , locations where slower flow of water would allow cooling and greater oxygen dissolution. While biological iron oxidation is possible at hyperthermophilic temperatures, it is sufficiently energetically favourable at circumneutral pH (e.g. G r >80 kJ (mol e − ) −1 in an alkali-chloride YNP system) that it likely occurs abiotically (Shock et al. 2005) . Under mesophilic conditions, cryptic iron cycling including both oxidation and reduction has been shown to occur (Berg et al. 2016) . The observation that heat-killed sediments became oxidised (and changed colour) at 80
• C, regardless of whether it was exposed to oxygen, contrasts starkly to the lack of colour change observed in viable green sediments under anoxic conditions (Fig.  S5, supporting information) . There are two main methods via which biotic iron reduction could be maintaining green colour in anoxic sediment. First, iron-rich clays could be reduced directly. Second, reduction of ferrihydrite present in the sediment could produce Fe(II) ions which are adsorbed by the bulk clay minerals and break them down to form 'green rust' ferrous carbonates, a process which is known to occur under anoxic, circumneutral conditions (Jones et al. 2017) . As green rusts are highly redox reactive and prone to decompose to poorly crystalline ferrihydrite and eventually goethite or lepidocrocite (Génin et al. 2006; Trolard et al. 2007) , this would provide a cycling source of oxidised iron for iron-reducing hyperthermophiles. The temperature at Hochstetter's Cauldron likely fluctuates naturally in response to meteoric rainwater entering the system; with the shallow outflow stream being especially sensitive to temperature variation compared to the large central feature. This abiotic cycling of iron would provide a continuous supply of new oxidised iron for reduction, maintaining the community of iron reducers within the sediment. On a return trip one year after sampling for this study, the main pool temperature had dropped to 87.5
• C and the sediment in the shallower outflow had an entirely brown-orange thin surface layer above a green layer deeper in the sediment (data not presented), demonstrating the changeability of the system and the link of sediment colour with temperature.
We did observe diatom frustules in SEM examination of sediment from the pool. As previously stated, the temperature in the pool has been recorded at around 90
• C or higher for at least sixty years, well beyond the known range of any photosynthetic organism and particularly of geothermal diatoms, which are restricted to environments below 45 • C. In our 16S rRNA gene data set, when analysed both by traditional OTU clustering and ASV extraction, we saw very low occurrences of cyanobacterial and chloroplast-assigned sequences (0.03%-0.09% cyanobacterial, 0.23%-0.45% chloroplast), and when examined individually the chloroplast sequences, from both OTUs and ASVs, either did not assign to any known organism or assigned to chloroplast genomes from marine eukaryotes. None from either group were closely related to any known thermophilic photosynthesiser. There were no mitochondrial OTUs present at higher than four sequences per sample, and only one mitochondrialassigned ASV, representing only 0.0018% of sequences. We find it most likely diatom remnants seen in SEM images and chloroplast sequences have been introduced from the extensive, mesophilic-to-moderately-thermophilic photosynthetic mats and small geothermal seeps surrounding the pool. Dissimilatory iron reduction as an energy-conserving form of both autotrophic and heterotrophic microbial respiration was first identified in anoxic river sediments (Lovley and Phillips 1986b) and later discovered to be a widespread and important biogeochemical process (Weber, Achenbach and Coates 2006) . The first known hyperthermophilic iron-reducer, Geothermobacterium ferrireducens (Proteobacteria), was isolated from a YNP hot spring (Kashefi et al. 2002) , and could produce up to 30 mM Fe(II) at 85
• C. Other hyperthermophilic iron reducers have since been isolated and characterised, and belong to the euryarchaeotal and crenarchaeotal families Pyrodictiaceae, Archaeoglobaceae and Thermoprotaceae (Slobodkin 2005; Feinberg and Holden 2006; Kashefi et al. 2008; Lin et al. 2014) . The Hochstetter's Cauldron environment supports a low-diversity microbial community overwhelmingly dominated by a bacterial genus known for hyperthermophilic hydrogen oxidation (i.e. Aquifex). The sediment community is only marginally statistically different from the aquatic community (unweighted Unifrac P-value <0.05, weighted P-value = 1), largely due to the presence of a few rare taxa (<0.025%) in the sediments. The orange/brown sediment community displayed the greatest alpha diversity, possibly because this community was the most oxic-sequences were identified in this sample associated with aerobic hyperthermophiles such as the Sulfolobaceae. Sequences associated with known iron-reducers were detectable in both water and sediment samples; however, the inability for 16S rRNA gene amplicon sequencing to distinguish between non-viable and living cells (Carini et al. 2016) makes it impossible to determine from these data whether iron-reducing genera are active in the water or only the sediment. MPN assays of sediment samples, however, confirmed an abundant culturable population of hyperthermophilic iron-reducers capable of utilising both soluble and solid iron(III) using either H 2 or acetate and proteinaceous carbon. We subsequently isolated a Pyrobaculum strain, Pyrobaculum sp. HCHB, from sediment samples to further resolve the biological role of iron reduction and the maintenance of green-coloured iron-rich sediments within Hochstetter's Cauldron. This strain was capable of heterotrophic or autotrophic iron reduction of both soluble ferric citrate or solid amorphous ferrihydrite at temperatures comparable to Hochstetter's Cauldron in situ. It did not grow on elemental sulfur and grew poorly on sulfate and thiosulfate as terminal electron acceptors. Pyrobaculum species are known to be metabolically versatile, but in cultivation experiments, this strain reduced iron more efficiently than any other electron donor. Ferrihydrite is present in Hochstetter's Cauldron sediment and could be reduced by native Pyrobaculum spp. The lack of any detectable iron in the spring water is suggestive of soluble iron precipitating out of solution. Nearby springs with circumneutral pH and temperatures between 58
• C and 99
have concentrations of 0.02-0.60 mg L −1 total iron (Power et al. 2018) ; none had the same green sediment. It seems possible that Pyrobaculum sp. HCHB and related strains partially reduce oxidised iron compounds in Hochstetter's Cauldron sediments in situ, with either the production of free Fe(II) ions adsorbing to clays or direct reduction of iron-bearing clays as the direct mechanism of colour change, and various abiotic oxidative processes recycling the reduced iron to ferrihydrite and other iron oxides and refreshing the substrate.
Only one other species of Pyrobaculum, P. ferrireducens, has been enriched and isolated from iron-reducing medium (Slobodkina et al. 2015) , despite several species being capable of iron reduction (Feinberg and Holden 2006) . The closely-related Pyrobaculum strain WIJ3 was isolated from sediment taken from White Island, New Zealand (Huber et al. 2000) , grows optimally at 90
• C, and is known to reduce arsenate, but not ferric iron. Unfortunately, strain NZ1 is only represented in the literature as a partial 16S rDNA sequence (Genbank record X81886.1) with no affiliated published metadata. Pyrobaculum calidifontis, isolated in the Philippines, is capable of anaerobic iron reduction, incapable of autotrophic carbon fixation and can grow under microaerophilic conditions using oxygen as a terminal electron acceptor. Given that Pyrobaculum sp. HCHB is capable of both heterotrophic and autotrophic growth, it is unknown whether it is operating primarily as a heterotroph, with the majority Aquifex community as the autotrophic primary producers, or whether the iron-reducers in this system are also operating as autotrophs. The dominance of Aquifex in the amplicon sequence data suggests a key role for hydrogen in this system. Known Aquifex isolates are hydrogen-oxidisers, i.e. 'water-creators' (the literal meaning of Aquifex) (Huber and Eder 2006) using [NiFe] hydrogenases (Brugna-Guiral et al. 2003) . P. calidifontis, the closest named relative of Pyrobaculum sp. HCHB, has not been shown experimentally to use hydrogen in energy-generating reactions despite its genome encoding at least one [NiFe] hydrogenase (WP 01 185 0254.1, identified by examination of the genome Søndergaard, Pedersen and Greening 2016) , from Group 1g, a poorly understood subgroup of hydrogenases associated with chemolithoautotrophy in the Crenarchaeota . Hydrogen is present at low but detectable (limit <0.01 μM) levels in the water of Hochstetter's Cauldron, but could be entering the pool from the deep hydrothermal system at much higher levels, since concentration does not account for flux. Iron reduction is much more energetically favourable than other forms of anaerobic respiration (Amend and Shock 2001) and therefore has relatively low hydrogen requirements compared to sulfur-compound reducers or methanogens, which can compete for hydrogen. Potential carbon sources for this pool include both any autotrophic microbial population (e.g. the majority Aquifex community) and inputs from surrounding vegetation and macrofauna. Active heterotrophic and autotrophic iron reduction both seem plausible under these circumstances.
CONCLUSION
Hochstetter's Cauldron hosts an interesting microbial community that appears to be actively influencing spring appearance by continuously reducing iron oxides present in the clay sediment, either directly or indirectly producing green reduced ironrich clays and ferrous carbonate minerals. This may be occurring via heterotrophic or autotrophic mechanisms, as facultatively autotrophic iron reducers have been isolated, although the much greater numbers of heterotrophic iron reducers detected in MPN assays suggest heterotrophy is more likely of the two metabolisms in situ. Rates and types of iron reduction in this system likely depend on abiotic environmental factors such as weather and rainfall (mediating meteoric water input to the pool), activity of the hydrothermal system and carbon inputs. Future work is necessary to measure in situ rates of iron reduction, characterise the exact nature of iron in the pool sediment and determine whether there are any differences between the activity of heterotrophic and autotrophic iron reducers within the community. Nevertheless, the isolation and characterisation of a low-abundance Pyrobaculum sp. from Hochstetter's Cauldron demonstrates that microbe-mineral interactions involving lowabundance groups within geothermal habitats have the capacity to influence the formation of minerals at a visible scale.
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